Introduction
O 3 plays several extremely important roles in the Earth's atmosphere [Wayne, 2000] .
Production of atomic oxygen from the photodissociation of O 3 has been a subject of interest to atmospheric scientists [Ravishankara et al., 1998; Brasseur et al., 1999; Finlayson-Pitts and Pitts, 1999] . Many experimental and theoretical studies have shown that there are two primary pathways in the Hartley band photolysis of O 3 at 220 -300 nm;
Both processes are spin-allowed from the singlet state of ozone. Table 1 lists the results from previous measurements of the channel branching ratios between channels (1) and (2) in the Hartley band.
The pioneering study by Fairchild et al. [1978] indicated that the formation of O( 1 D),
channel (1), is dominant over the Hartley band. They photolyzed O 3 molecules at 274 nm and measured the time-of-flight (TOF) spectrum of the fragments. The analysis of the spectrum indicated that the branchings between channels (1) and (2) are ∼0.9 and ∼0.1, respectively. Sparks et al. [1980] also performed experiments at 266 nm using a mass spectrometric detection technique with a molecular beam and reported the channel branching ratio of ∼0.1 for the O( 3 P) formation.
The time-resolved resonance fluorescence detection techniques for O( 3 P) fragments following O 3 photolysis were also applied to determine the absolute branching ratio between channels (1) and (2) [Amimoto et al., 1980; Brock and Watson, 1980; Wine and Ravishankara, 1982; Greenblatt and Wiesenfeld, 1983; Turnipseed et al., 1991; Talukdar et al., 1997] 
The rate constants of k 3a and k 3b have been measured to be equal, and the reaction of one O( 1 D) with O 3 leads to one O( 3 P) on the average [DeMore et al., 1997; Talukdar et al., 1997] .
Thus the absolute branching ratios were determined by analyzing the time profiles of O( 3 P) signal intensity, based on the result of k 3a / k 3b = 1.0 in the kinetic studies. Valentini et al.[1987] The NASA/JPL panel has recommended the quantum yield value of 0.95 over the Hartley band between 240 and 300 nm for use in the stratospheric modeling [Sander et al., 2000] . The IUPAC subcommittee [Atkinson et al., 1997] have recommended the formula of (1.98 -301 / λ ) for the photolysis wavelength λ between 271 and 300 nm and a constant value of 0.87 for 222 < λ < 271 nm.
In the present study the O( 3 P j ) atoms produced in the Hartley band photolysis of O 3 between 230 -308 nm are directly detected by laser-induced fluorescence in the vacuum UV region (VUV-LIF). Using the VUV-LIF technique, the relative quantum yields of O(
and O( 3 P) formation from O 3 photolysis between 297 -329 nm have been measured previously by our group [Takahashi et al., 1996a; 1996b; 1998; Taniguchi et al, 2000] .
This is the first report on the systematic measurements of the O( 1 D) quantum yields from ozone photolysis in the wide range of wavelength in the UV region. As a photolysis light source in this study an optical parametric oscillator (OPO) with a second harmonic generator was used, which allowed us to generate tunable UV light in the wide wavelength range. The results obtained in this work were compared with both previously reported values and the recent recommendations for atmospheric modeling by NASA/JPL panel [Sander et al., 2000] and IUPAC subcommittee [Atkinson et al., 1997] .
Experimental
The experimental arrangement and procedures are essentially the same as in our previous studies on O 3 photolysis [Takahashi et al., 1996a; Taniguchi et al, 2000] , except for the photolysis light source. The schematic diagram for the experimental setup is depicted in Figure 1 . The O( 3 P 2 ) photoproducts were directly detected by the VUV-LIF method using Figure 2 . During the experiments, the UV laser power was monitored on a shot-by-shot basis using a pyroelectric laser power meter (Molectron, J4-09). A part of the UV photolysis laser was reflected by a thin fused silica plate onto the power meter. We also monitored the photolysis laser power with a calorimeter (Scientech, AC50UV) by inserting the detector head into the photolysis laser beam path in front of the LIF cell after every LIF measurement. The beam diameter of the photolysis laser was about 5 mm, while that of the probe laser was about 1 mm. The path length of the photolysis laser beam from the inlet to the observation region was about 10 cm.
The photolysis and probe laser beams were counter-propagated and the time delay between the two laser pulses was controlled by a pulse delay controller (Stanford Research, DG535). The delay time was 100 ns with a time jitter less than 5 ns. The LIF of O( 3 P) was detected along the vertical axis, orthogonal to the propagation direction of both VUV probe and photolysis laser beams, using a solar-blind photomultiplier tube (PMT) (EMR, 541J-08-17).
The PMT has a LiF window and a KBr photocathode that is sensitive only between 105 and 150 nm. The output from the PMT was pre-amplified and fed into a gated integrator (Stanford Research, SR-250).
The reaction chamber was evacuated by a rotary pump (330 Liter / min). The ozone gas was synthesized from ultra-pure O 2 (Nagoya Kosan, 99.9995%) by a silent discharge ozonizer. The O 3 gas was flowed slowly into the reaction chamber through a polytetrafluoroethylene tube. Helium gas was added as a buffer gas. The total pressure in the reaction cell was maintained to be 1. et al., 1975] . We estimated that the formation of O(
is less than 0.5 % under our experimental conditions. All experiments in the present study were performed at room temperature (297 ± 2 K).
Results
Figure 3 shows a typical example of the O( 3 P) quantum yield measurements, in which O 3 molecules were photolyzed by UV laser pulses at 308 and 266 nm alternatively, and the O( 3 P 2 ) photofragments were probed directly by the VUV-LIF method. The detection wavelength for O( 3 P 2 ) atoms was fixed at 130.22 nm, which was the peak wavelength of the electronic transition of 3s 3 S o -2p 3 P 2 . The absolute quantum yield of 0.79 for O( 1 D), that is, the yield of 0.21 for O( 3 P) at the photolysis wavelength of 308 nm was used as the reference value to obtain the yields at the wavelengths between 230 and 308 nm. The yield value of 0.79 at 308 nm is based on the recent review paper [Matsumi et al., 2001 ] that recommended the quantum yield values for O( 1 D) formation in the photodissociation of O 3 as a function of the wavelength and temperature for use in atmospheric modeling. In the yield measurements, the wavelength of the photolysis laser was changed alternatively between the reference (308 nm) and target wavelengths, as shown in Figure 3 . From the comparison of signal intensities at the two photolysis wavelengths, we obtained the quantum yield values for O( 3 P) formation in the photodissociation of O 3 , using the following expression:
where Φ 3P (λ) is the O( 3 P) quantum yield at the photolysis wavelengths λ, S(λ) is the LIF intensity which is corrected by intensity variation of the VUV probe laser, I(λ) is the photon flux of the UV photolysis laser, σ(λ) is the O 3 absorption cross section reported by Malicet et al [1995] , and Φ 3P (308) is the quantum yield for O( 3 P) formation at 308 nm (0.21). The O( 1 D) quantum yield as a function of wavelength is given by:
At the photolysis wavelengths shorter than 237 nm, the formation of O( 1 S) is energetically possible [Okabe, 1978] :
However, the dissociation process (6) is spin-forbidden and the upper limit for the O( 
S)
quantum yield has been reported to be 0.1% between 170 and 240 nm [Lee et al., 1980] . It is thus reasonable to ignore the contribution of the process (6) between 230 and 237 nm. Figure 3 shows the signal intensities of O( 3 P j , j = 2) produced from the photolysis of ozone at 266 and 308 nm in the VUV-LIF spectroscopy. The photodissociation process (2) produces not only the j = 2 spin-orbit state of O( 3 P j ) but also j = 1 and 0 states. Under our experimental conditions that the total pressure is 1.5 Torr and the delay time is 100 ns, the j-populations are partly relaxed towards the Boltzmann distribution [Abe et al. 1994 ]. We measured the relative j-populations among the O( 3 P j ) j = 2, 1, and 0 states from ozone photolysis at several wavelengths in the range of 230 -308 nm under the same experimental conditions as the quantum yield measurements. The relative j-populations obtained in this study are summarized in Table 2 . There is no remarkable dependence on the photolysis wavelength in the spin-orbit populations within the experimental errors in this wavelength range. This indicates that the relative signal intensities of the j = 2 can be used in the calculations of the total O( 3 P j ) formation yield in Eq. (4).
The signal intensities shown in Figure 3 were measured when the probe VUV laser wavelength was fixed at the peak of the O(3s 3 S o -2p 3 P 2 ) transition. If the line width of the spectral shape for the O( 3 P 2 ) fragments due to the Doppler broadening were strongly dependent on the photolysis wavelength, the intensities of the O( 3 P 2 ) fragments at the peaks might not be proportional to the total O( 3 P) yields. We measured the line profiles of nascent O( 3 P) atoms at various photolysis wavelengths between 230 and 308 nm by scanning the wavelength of the VUV probe laser (band width ≈ 0.8 cm -1 ) around the resonance center of 3s Quoted errors indicate the two standard deviations (2σ) of the measurements, which are due to the standard deviations associated with the 5-10 times experimental measurements of LIF signal intensities of O( 3 P j ) and the uncertainties in photolysis laser power measurements with a laser power meter. It should be noted that the previous studies on the quantum yield measurements in the Hartley band were carried out mostly around 290 nm. The small number of measurements in the short wavelengths may be due to the difficulty to obtain the photolysis light source that can cover the wide wavelength range over the Hartley band of O 3 .
In our present study, we employed the tunable OPO laser pumped by the third harmonics of 
P)
formation does not strongly depend on the photolysis wavelength over the Hartley band ( Figure 4 and Table 3 ). This suggests that the efficiency of the potential switching from the 1 B 2 state to the R state is almost independent of the excitation energy. 
2 Atmospheric implications
In the equation (7), F(λ) is the altitude dependent solar photon flux as a function of λ. The calculations were performed for the altitudes of 15, 25, and 40 km. The solar zenith angle was fixed at 40 degree. The numerical data of the solar photon flux were taken from [1999] . The absorption cross sections of O 3 were taken from Malicet et al. [1995] .
Finlayson-Pitts and Pitts
In the calculations, for the wavelengths longer than 300 nm, the expression for the O( 1 D) quantum yield recommended by NASA/JPL [Sander et al., 2000] was used , which is functions of photolysis wavelength and temperature. At λ > 300 nm, the photodissociation of the vibrationally and rotationally excited O 3 takes place. Even at longer wavelengths than the channel (1) [Ravishankara et al., 1998; Takahashi et al., 1998 ]: Sander et al., 2000] . yield is higher than that done with the NASA/JPL recommendation throughout the stratosphere as shown in Figure 6 . This is due to the changes in the efficiency of the chain reactions involving HO x , NO x , and ClO x families through the lower O( 1 D) production rate.
Our study may contribute to precise assessment of the photochemical O 3 budget including the "ozone deficit" problem [Crutzen, 1997] that implies a number of model calculations underestimate the O 3 concentrations in the upper stratosphere and mesosphere.
Conclusion
The quantum yield value of the O( Chem. Phys., 105, 5290-5293, 1996b . Geophys. Res. Lett., 25, 143-146, 1998. J. Geophys. Res., 93, 7119-7124, 1988 . [Sander et al., 2000] . [Sander et al., 2000] . Cooper et al. [1993] Trolier and Wiesenfeld [1988] Taniguchi et al. [2000] Talukdar et al. [1997] NASA/JPL, Sander et al. [2000] This work [Sander et al., 2000] . [Sander et al., 2000] .
